Background: Autophagy inhibition upregulates p62/sequestosome, a ubiquitin-binding and multifunctional protein.
demonstrate that upregulation of p62 can mediate apoptosis via caspase-8 in the setting of autophagy inhibition.
Macroautophagy is a catabolic process whereby cytoplasmic proteins and organelles are sequestered into autophagosomes and transported to lysosomes for degradation (1) . During autophagy, the mammalian homolog of yeast Atg8, LC3, undergoes conversion from LC1 to LC3II and serves as a reliable marker of autophagosomes (1) . Autophagy can function to maintain the survival of established tumor cells under stressful stimuli or alternatively, may contribute to cell death depending upon the cellular context (2, 3) . Autophagy inhibition has been shown to promote tumor cell apoptosis, thereby establishing autophagy as a therapeutic target (2) . Inhibition of autophagy can enhance both the caspase-8-dependent and the mitochondria-mediated apoptotic pathways by a mechanism(s) that has yet to be defined (4, 5) . While the functional relationship between autophagy and apoptosis remains unclear, a molecular link may be p62/sequestosome1 (herein referred to as p62) that is upregulated by autophagy deficiency or inhibition (6) . P62 is a multidomain protein that serves as a signaling hub through its ability to interact with key components of various signaling mechanisms (6) . P62 serves as a ubiquitin-binding protein that chaperones protein aggregates to the lysosome or the proteasome (7) for degradation by autophagy (8) (9) (10) . In addition to genetic means, autophagy can be disabled by the lysosomal inhibitor chloroquine (11) or by bortezomib which blocks autophagy via a cathepsin-dependent mechanism resulting in upregulation of p62 (12) . p62 is rich in proteininteracting sequences and contains domains that include a protein-protein interaction module (PB1) that facilitates its oligomerization, a ubiquitin-associated (UBA) domain, and an LC3 interaction region (LIR) that are essential for p62 function (13) (14) (15) . In a prior study, we found that p62 overexpression can mediate a caspasedependent apoptosis (16) by an as yet undefined mechanism.
The BH3 mimetic ABT-263 is a highaffinity small-molecule inhibitor of Bcl-2 and Bcl-x L that promotes apoptosis and shows antitumor activity both in vitro and in vivo (17) .
Recent evidence indicates that BH3 mimetic agents can induce autophagy in tumor cells mainly due to the release of Beclin 1 (which contains a BH3 domain) from Bcl-2 and Bcl-x L that stimulates a Beclin 1-dependent activation of the pro-autophagic lipid kinase, Vps34 (18) (19) (20) (21) . Given early phase data showing limited efficacy, strategies are needed to enhance the anti-tumor effects of BH3 mimetic agents, particularly in patients with solid tumors. BH3 mimetics are known to trigger mitochondriamediated apoptosis; however, ABT-737 was reported to activate caspase-8 via mitochondrial membrane permeabilization (22) and was also shown to upregulate death receptor 5 (DR5) expression (23) . A direct activator of caspase-8 is the anti-cancer drug TRAIL (TNF-related apoptosis-inducing ligand) that engages death receptors followed by recruitment of Fasassociated death domain (FADD) to form the death-inducing signaling complex (DISC) (24, 25) . Since caspase-8 can cleave its substrate BID whose truncated form translocates to and interacts with the mitochondria (26), both apoptotic pathways converge on the mitochondria and can activate downstream effector caspases that execute cell death. Importantly, both apoptotic pathways are negatively regulated at the mitochondria by antiapoptotic Bcl-2 proteins which are antagonized by BH3 mimetics.
To test the hypothesis that p62 upregulation is a molecular link between autophagy and apoptosis, we determined whether p62 can promote caspase-8 aggregation/activation and whether co-localization with LC3 occurs on autophagosomal membranes. Using wild-type and p62 functional mutants, we demonstrate the ability of p62 to regulate ABT-263-induced caspase-8 self-aggregation, activation and colocalization in human colon carcinoma cell lines. Furthermore, ectopic p62 enhanced caspase-8 aggregation on the autophagosome shown by caspase-8 and LC3 interaction and colocalization. Together, these data indicate that p62 is a mediator of crosstalk between autophagy and apoptosis via caspase-8 activation, and suggest a mechanism by which autophagy inhibition can promote tumor cell death to enhance chemotherapeutic efficacy. Plasmid constructs, and transfection of siRNA-The cDNA sequences of p62 was fused to the C-terminus of mCherry, and then cloned into a lentiviral vector pCDH1-MCS-EF1-neomycin (System Biosciences, Mountain View, CA). 3tag-p62 and two mutants with mutations in UBA and PB1 domains were previously described (16) . The p62 mutant with defective LIR (D335A/D336A/D337A/W338A) (15) was generated by site-directed mutagenesis. Transfection of caspase-8 siRNA (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) into cells was performed using LipofectamineTM RNAiMax Reagent (Invitrogen), as previously described (16) .
EXPERIMENTAL PROCEDURES
Pseudo-typed virus production and transduction-p62 shRNA, LC3 shRNA (with target sequence GAAGGCGCTTACAGCTCAA) and a nonsilencing shRNA, as well as mCherry constructs, were packaged into pseudo-typed lentivirus. The production of virus and transduction of target cells were performed utilizing a standard procedure that has been previously described (27) . Retroviral overexpression of p62 and its mutants were also described previously (16) .
Biomolecular fluorescence complementation (BiFC) assay and confocal microscopy-HCT116 cells with stable expression of a lentiviral mCherry-p62 were sorted by flow cytometry to isolate cells with a high level of expression of mCherry fusion proteins. Human non-cleavable caspase-8 (C360A) was cloned with pBiFC-VN155 (I152L) or pBiFC-VC155 to generate a fluorescent complementation pair (gift from Dr. H. Wang, Pennsylvania State University) that was transfected into HCT116 cells with stable expression of mCherry-p62 using Lipofectamine LTX (Invitrogen). Cells were then plated onto glass bottom microwell dishes (MatTek Corporation, Ashland, MA) and treated with drugs. Live images of the fluorescently-tagged cells were captured using a confocal microscope with appropriate settings. Similar procedures were utilized for immunofluorescence staining and confocal microscopy of endogenous p62 and caspase-8, as previously described (16) .
Apoptosis assay-Apoptosis was analyzed by annexin V + staining and then quantified as previously described (28) . Briefly, cells were incubated with drugs and at pre-specified time points, the adherent cells were trypsinized and then combined with the floating cells. Cells were pelleted by centrifugation and then washed three times with cold PBS. Cells were incubated with annexin V + (BD Biosciences, San Jose, CA), and the cell populations were labeled with the fluorescent dyes to enable their quantitation by flow cytometry.
MTS assay and calculation of a combination index (CI)-
The effect of drugs upon tumor cell viability was determined by MTS assay as previously described (27) . To test whether a drug combination exerts an additive or synergistic effect, the study drugs were combined using a fixed ratio and then added to cells for performance of the MTS assay. The means of triplicate experiments were utilized as the input to calculate the combination index (CI) (29) . A combination index that is less than 1 indicates synergy.
Caspase-8 activity assay-Caspase-8 activity was measured using a Caspase Glo 8 assay Kit (Promega, Madison, WI) that utilizes luminogenic caspase-8 substrates, per the manufacturer's instructions. The activity was read by a SYNEGYMx multi-mode microplate reader (BioTek, Winooski, VT).
Immunoprecipitation and immunoblottingProtein samples were prepared in a lysis buffer [5 mmol/L MgCl2, 137 mmol/L KCl, 1 mmol/L EDTA, 1 mmol/L EGTA, 10 mmol/L HEPES (pH 7.5), AppliChem, Boca Raton, FL)] supplemented with a protease inhibitor cocktail (Sigma). Protein samples were normalized using a nanodrop measurement method (Thermo Scientific, Franklin, MA) or a protein assay kit (Bio-Rad, Hercules, CA). Cell lysates were incubated with primary antibodies overnight at 4 •C. Immunocomplexes were captured with magnetic beads conjugated with protein A/G (Pierce, Rockford, IL), and washed 3X in lysis buffer.
Immunoprecipitated proteins were eluted with 2X LDS sample buffer (Invitrogen), and then loaded onto a 14% SDS-PAGE gel for protein separation that was followed by an electrical transfer onto a polyvinylidene diflouride (PVDF) membrane (Bio-Rad).
Immunoblotting was performed using a standard procedure that was previously described (16) . All primary antibodies were obtained from Cell Signaling (Boston, MA), with the exception of antibodies against FLAG (Sigma), p62/SQSTM 1 (MBL, Woburn, MA), and β-tubulin (Sigma).
RESULTS

Autophagy inhibition enhances ABT-263-induced apoptosis that is regulated by
p62/sequestosome 1-In addition to the ability of ABT-263 to induce apoptosis (30), we demonstrate that ABT-263 can induce autophagy, as shown by translocation of a fusion protein consisting of green fluorescent protein (GFP) with LC3 (GFP-LC3) from the cytosol to the autophagosomal membrane indicated by punctate localization using confocal microscopy (Fig. 1A) . During autophagy, LC3 undergoes conversion from LC3I to its lipidated form LC3II (3) and therefore, GFP-LC3 serves as a fluorescent marker of autophagosomes (31) . To exclude the possibility that punctate GFP-LC3 localization may derive from lysosomal inhibition, autophagic flux was examined. Using the lysosomal inhibitor bafilomycin A1, we observed increased conversion of LC3I to LC3II by ABT-263, confirming that this drug can induce autophagy in colon cancer cell lines.
In human cancer cells, autophagy can function to maintain cell survival or in some contexts, may contribute to cell death (2,3). The lysosomal autophagy inhibitor chloroquine was shown to increase the expression of p62 proteins (Fig. 1B) and to sensitize cells to ABT-263-induced caspase cleavage, with the effect being most evident for caspase-3 cleavage in both cell lines (Fig. 1B) . Since p62 is degraded by autophagy, its level can be increased by autophagy inhibition. Specifically, autophagy blockade by chloroquine and/or by cathepsindependent inhibition using bortezomib (12) were shown to upregulate p62 expression (Fig.  1C) and to enhance ABT-263-induced caspase cleavage (Fig. 1D) . Dependence upon p62 in mediating apoptosis was shown in cells with suppression of p62 by a lentiviral shRNA that attenuated caspase cleavage induced by ABT-263 combined with autophagy inhibitors compared to control shRNA cells (Fig. 1E) . These results indicate that p62 upregulation can sensitize tumor cells to ABT-263-induced apoptosis.
To further examine the ability of p62 to regulate apoptosis, we utilized stable cells expressing a lentiviral shRNA against p62 and determined whether p62 is involved in chemotherapy-induced apoptosis. In cells treated with ABT-263 (48 h), we found that p62 knockdown can significantly attenuate apoptosis induction by ABT-263 or to a lesser extent by the topoisomerase 1 inhibitor, irinotecan (CPT-11), as shown by annexin V labeling ( Fig. 2A,  B) . Knockdown of p62 reduced ABT-263-induced caspase-8 and -3 cleavage in both HCT116 and DLD1 cell lines (Fig. 2C, D) . Furthermore, we demonstrate that p62 suppression can attenuate CPT-11-induced caspase-3 cleavage (Fig. 2E) .
ABT-263 was shown to cleave caspase-8 (Fig. 2C,D) and was also found to significantly activate caspase-8 using a luminogenic assay (Fig. 3A) . Furthermore, the role of caspase-8 in ABT-263-induced apoptosis was shown using caspase-8 siRNA that attenuated caspase-3 cleavage (Fig. 3B) . To confirm the critical role of caspase-8 as a mediator of ABT-263-induced apoptosis, we utilized caspase-8-deficient I9.2 cells where caspase-3 cleavage was attenuated compared to parental Jurkat cells (Fig. 3C) . We then determined whether caspase-8 activation occurs upstream or downstream of the mitochondria given that BH3 mimetics promote mitochondrial apoptotic signaling. Using Bax -/-HCT116 cells, we found that Bax deficiency was able to block ABT-263-induced cleavage of caspase-8, -9 and -3 (Fig. 3D) . Furthermore, a caspase-3 inhibitor was able to block ABT-263-induced caspase-8 cleavage (Fig 3E) , indicating that caspase-8 activation results from a caspase-3-mediated mitochondrial amplification loop. Caspase-8 has been shown to be activated by self-aggregation in response to death receptor (DR) stimulation upon ligand binding that enables its recruitment to the death-induced signaling complex (DISC) (32) . To exclude the possibility that caspase-8 activation is mediated by the DISC, we utilized FADD-deficient Jurkat I2.1 cells and demonstrated that ABT-263 alone or combined with chloroquine can induce casapse-8, -9 and -3 cleavage that was unaffected by FADD deficiency (Fig. 3F) . We also found that Bax deficiency can attenuate ABT-263-induced caspase-8 cleavage in the presence of autophagy inhibitors (Fig. 3G) . Together, these data indicate that caspase-8 activation by ABT-263 occurs downstream of the mitochondrion and is mediated by a feedback loop.
P62 interacts with caspase-8 to promote apoptosis-Evidence indicates that p62 can oligomerize important signaling proteins (33) . We determined whether the regulation of apoptosis by p62 involves its interaction with proximal caspases that require oligomerization and activation (32, 34) . Given that inhibition of autophagy can upregulate p62 and can enhance chemotherapy-induced apoptosis, we generated cells with ectopic p62 expression to mimic p62 upregulation. Using immunoprecipitation, we found that ABT-263 treatment promotes binding between ectopic p62 and caspase-8 to a greater extent than with caspase-9 (Fig. 4A) . Similarly, irinotecan was shown to enhance p62 and caspase-8 binding (Fig. 4B ), indicating that this interaction can be promoted by drugs with diverse mechanisms of action. In cells treated with ABT-263 in the presence of autophagy inhibitors, full length caspase-8 was shown to interact with endogenous p62 and the autophagosomal membrane marker LC3II in a time-dependent manner (Fig. 4C) . Furthermore, cleaved caspase-8 was also shown to interact with p62 in these cells (Fig. 4D) , indicating the presence of activated caspase-8 within the p62-containing complex. To explore the relative sequence of association of caspase-8 with p62 and LC3, we utilized stable cells with knockdown of p62 or LC3. While interaction of caspase-8 with p62 was unaffected by LC3 knockdown (Fig. 4E) , suppression of p62 attenuated the association between caspase-8 and LC3II (Fig. 4F) , suggesting that p62 may bind to caspase-8 with subsequent translocation of the complex to the autophagosomal membrane (LC3II). Bax deficiency abrogated the binding of caspase-8 to LC3II (Fig. 4G) , indicating that this event occurs downstream of mitochondria and is consistent with the observed dependence of caspase-8 activation upon Bax (Fig. 3G) .
p62 co-localizes with caspase-8 aggregates and promotes caspase-8 activation that is disrupted by p62 mutation-To determine the mechanism by which ectopic p62 can enhance apoptosis, we generated p62 mutants using sitedirected mutagenesis to disable p62 function. Given that PB1 and UBA domains are essential for p62 function (13, 14) , mutation at UBA:I431A and PB1:D69A result in loss of the ability to form p62 foci, as previously shown by our laboratory (16) . We also generated cells with a p62 mutant that displays loss of ability to bind to LC3 (15) . While chloroquine-induced co-localization of wild-type p62 foci with LC3 foci, all the three p62 mutants failed to form a complex with LC3 as shown by fluorescence confocal microscopy (Fig. 5A) . We determined whether ABT-263 can induce caspase-8 aggregation and co-localize with p62 using a bimolecular fluorescence complementation (BiFC) assay (35) . To avoid cell death induction due to overexpression of caspase-8, we utilized a catalytically inactive mutant (C360A) of procaspase-8(36) that was fused to the split Venus proteins, Venus N1-173 (VN) and Venus C155-239 (VC). These constructs were transfected into HCT116 cells that had been stably transfected with a lentiviral mCherry-p62 construct. ABT-263 treatment was shown to induce caspase-8 aggregation, indicated by the punctate green fluorescence of Venus (Fig. 5B ) which occurs when caspase-8 self-oligomerization pulls the VN and VC together, and does not occur in vehicle-treated cells. The caspase-8 aggregates were shown to co-localize with p62 cellular foci (Fig. 5B) , suggesting that p62 enables caspase-8 aggregation in ABT-263 treated cells. In contrast, the three p62 mutants failed to colocalize with caspase-8 and to promote its aggregation (Fig. 5B ). In cells with ectopic but not mutant p62, treatment with ABT-263 was shown to enhance caspase-8 activation and cleavage of caspase-9 and -3 (Fig. 5C ). To determine whether upregulation of endogenous p62 can aggregate caspase-8, we treated cells with chloroquine combined with ABT-263 or CPT-11 which were shown to induce colocalization of caspase-8 with p62 (Fig. 5D) .
P62-mediated caspase-8 aggregation occurs on the autophagosome-We determined whether co-localization of p62 with caspase-8 aggregates occurs on the autophagosome. To address this issue, we ectopically expressed mCherry-LC3 in p62-overexpressed cells and observed caspase-8 aggregation using the BiFC assay. As expected, ectopic p62 enhanced caspase-8 aggregation in ABT-263-treated cells, as compared to empty vector cells (Fig.6) . Moreover, ectopic p62 expression enhanced the co-localization of caspase-8 aggregates with mCherry-LC3, suggesting that these events occur on autophagosomal membranes (Fig. 6) .
Since ABT-263 was shown to activate caspase-8 indirectly through a feedback loop, we utilized TRAIL as a direct activator of caspase-8 to determine whether this drug can cooperatively enhance p62-mediated caspase-8 activation and apoptosis when combined with ABT-263. TRAIL treatment alone or combined with ABT-263 was shown to promote caspase-8 aggregation and promoted its co-localization with p62 foci compared to vehicle-treated cells (Fig. 7A) . Furthermore, the combination of TRAIL and ABT-263 synergistically reduced cell viability in both HCT116 and DLD1 colon cancer cell lines as shown by calculation of the combination index (CI) using the method of Chou and Talalay (29) (Fig. 7B ) . We also found that the drug combination was dependent upon p62 in that caspase cleavage was significantly attenuated in p62 knockdown cells (Fig. 7C) . These data confirm the important role of p62-regulated caspase-8 aggregation/activation in mediating ABT-263-induced apoptosis.
DISCUSSION
We studied the effect of upregulation of p62 expression that was hypothesized to mediate crosstalk between autophagy and apoptosis. We demonstrate that ABT-263 can induce both autophagy and apoptosis, and observed that the addition of autophagy inhibitors to upregulate p62 can significantly enhance apoptosis that was attenuated in p62 knockdown cells. Given that p62 can function as a signaling hub by aggregating important molecules (33), we examined its ability to bind and aggregate proximal caspases whose self-aggregation is required for their activation and autocatalytic processing, in contrast to effector caspases that depend strictly on proteolytic cleavage for activation (37) . We found that ectopic p62 preferentially binds to caspase-8 vs caspase-9 in cells treated with ABT-263 or CPT-11, and that both ectopic and endogenous p62 co-localize with caspase-8. The importance of caspase-8 activation in p62-mediated apoptosis was shown using caspase-8-deficient or knockdown cells where downstream effector caspase cleavage was markedly attenuated. We demonstrate that upregulated p62 can physically interact with caspase-8 to promote caspase-8 self-aggregation and activation in response to ABT-263. We found that p62 binds to the full length and catalytically active forms of caspase-8. Consistent with our findings, p62 has also been shown to mediate caspase-8 oligomerization and activation in response to a pan sphingokinase inhibitor (35) . We found that ectopic p62 expression promotes the co-localization of caspase-8 with LC3, and that caspase-8 interacts with LC3II in ABT-263-treated cells where autophagy was inhibited, suggesting that caspase-8 aggregation occurs on the autophagosomal membrane. This process was shown to require p62, since suppression of p62 attenuated the interaction between caspase-8 and LC3II, whereas LC3 knockdown had no effect on the caspase-8 and p62 interaction. We speculate that a potential sequence of events may include the binding of p62 to initiate caspase-8 aggregation followed by an p62 is rich in protein-interacting sequences and its signaling mechanisms are mediated by functional domains. These domains include UBA that binds ubiquitinated proteins, PB1 that mediates dimerization/oligomerization, and an LC3 interaction region (LIR) (13) (14) (15) . In contrast to wild-type p62, we found that mutations at p62 functional domains (UBA and PB1) that are defective in p62 foci formation or in LC3 binding were shown to markedly attenuate caspase-8 aggregation/activation as well as the ability of p62 to promote chemotherapy-induced apoptosis. These data indicate that p62 functional domains (UBA, PB1, LIR) are required for p62 to activate caspase-8.
Activation of caspase-8 by ABT-263 was shown to be dependent upon pro-apoptotic Bax, since Bax deficiency blocked ABT-263-induced caspase-8 cleavage. This finding, and the ability of caspase-3 inhibition to block caspase-8 cleavage, indicates that ABT-263 induces caspase-8 activation via a mitochondrial feedback amplification loop. Similarly, epirubicin and paclitaxel-induced caspase-8 activation was shown to be independent of CD95/Fas receptor-ligand interation and to occur downstream of caspase-3 (38) . We found that FADD deficient cells had no effect on ABT-263-induced caspase-8 activation, confirming that the observed events were independent of death receptor (DR)-induced signaling. In this regard, caspase-8 activation can occur independently of the DRs (35, 39) where the critical step is its oligomerization that facilitates autoactivation through self-cleavage (32) . A recent study found that ABT-737 can activate caspase-8 independently of the extrinsic apoptosis pathway via mitochondrial membrane permeabilization in human platelets (22) .
Caspase-8 has been reported to function on mitochondrial membranes through its interaction with cardiolipin (40) that provides an activating platform for caspase-8 translocation to the mitochondrial membrane where it oligomerizes and is further activated to enable an apoptotic response (40). We sought to confirm the observed p62-dependent mechanism of caspase-8 activation using TRAIL which is a direct activator of caspase-8 via DISC formation (32) .
As with ABT-263, TRAIL treatment promoted caspase-8 self-aggregation that co-localized with p62 foci by confocal microscopy, and was shown to synergistically enhance cell death. The ability of p62 knockdown to attenuate caspase-8 activation induced by TRAIL, ABT-263, or their combination, underscores the critical role played by p62 in the regulation of caspase-8 activation.
Since autophagy inhibition results in the upregulation of p62 proteins that are normally degraded by autophagy (41) , our data provide a mechanism by which autophagy inhibitors, including chloroquine (11, 16, (42) (43) (44) or bortezomib can sensitize cancer cells to chemotherapy-induced apoptosis. In addition to chloroquine, recent data indicate that bortezomib can also inhibit autophagy via a cathepsindependent mechanism that results in p62 upregulation (12) . Our data indicate that p62 upregulation is critical to its ability to aggregate caspase-8 on the autophagosome (LC3II) in ABT-263-treated cells. Given that p62 may be vulnerable to degradation on autophagosomes, we confine our interpretation of its interaction with caspase-8 on autophagosomes to the setting of autophagy inhibition. Strategies to directly upregulate p62 expression have the potential to chemosensitize tumor cells, and a recent report found that a farnesoid X receptor (FXR) ligand can transcriptionally upregulate p62 mRNA and protein expression in the mouse ileum (45).
In conclusion, our data demonstrate that upregulation of p62 in the setting of autophagy inhibition promotes a caspase-8-dependent apoptosis by ABT-263. The mechanism of this effect involves co-localization of p62 with caspase-8 to promote its selfaggregation/activation and apoptosis that can be disrupted by p62 mutations at its functional domains. P62 overexpression promotes the colocalization of caspase-8 with LC3, suggesting that these events occur on the autophagosome. Since autophagy deficiency or inhibition accumulates p62, our findings establish p62 as a mediator of crosstalk between autophagy and apoptosis and provide a mechanism by which 
